The first fiber Bragg grating (FBG) accelerometer using direct transverse forces is demonstrated by fixing the FBG by its two ends and placing a transversely moving inertial object at its middle. It is very sensitive because a lightly stretched FBG is more sensitive to transverse forces than axial forces. Its resonant frequency and static sensitivity are analyzed by the classic spring-mass theory, assuming the axial force changes little. The experiments show that the theory can be modified for cases where the assumption does not hold. The resonant frequency can be modified by a linear relationship experimentally achieved, and the static sensitivity by an alternative method proposed. The principles of the over-range protection and low cross axial sensitivity are achieved by limiting the movement of the FBG and were validated experimentally. The sensitivities 1.333 and 0.634 nm∕g were experimentally achieved by 5.29 and 2.83 gram inertial objects at 10 Hz from 0.1 to 0.4 g (g 9.8 × m∕s
Introduction
Fiber Bragg grating (FBG) sensors are well suited for many fields such as structural health monitoring [1, 2] and seismic monitoring [3, 4] because of their intrinsic advantages of frequency modulation, ease of multiplexing, and strong immunity to electromagnetic interference [5] . FBG is inherently sensitive to strain and temperature. Modulating its strain can measure acceleration [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] , strain and displacement [18, 19] , inclination [20, 21] , temperature [22, 23] , and so on. We demonstrated that its strain is more sensitive to transverse forces than axial forces [24] . Here we demonstrate a very sensitive FBG accelerometer using transverse forces with an easy over-range protection and low cross axial sensitivity.
The theory of accelerometers is briefly reviewed, and the resonant frequency, static sensitivity, and over-range protection of this FBG accelerometer are analyzed. Two FBG accelerometers were manufactured, and their designs enable them to be insensitive to the other two orthogonal directions. They were tested at 0.1-0.4 g and 5-35 Hz. Because their experimental resonant frequencies disagree with their theoretical ones, another investigation experiment was carried out. A linear relationship was found to modify the theoretical resonant frequency. Because their experimental static sensitivities disagree with their theoretical ones, an alternative method for calculating the theoretical static sensitivity was proposed. The over-range protection and low cross axial sensitivity were experimentally validated.
Over-range protection is very important for accelerometers and usually determines its commercialization [25] . With a high sensitivity and easy over-range protection, this FBG accelerometer has the potential to be commercialized.
Theory
In an undamped, free-vibrated spring-mass system as shown in Fig. 1(a) ,
where F, m, a, x, t, and k are the net force applied on the inertial object, its mass, acceleration, displacement from equilibrium, time, and the spring constant, respectively. From Eqs. (1) and (2),
x cos k∕m p t cos ω 0 t cos 2πf 0 t;
where ω 0 and f 0 are its resonant frequency in radians per second and hertz, respectively. In an undamped forced system as shown in Fig. 1(b) , assume that its displacement z z 0 cos ωt, where z 0 and ω are its amplitude and angular frequency. So,
Substituting its steady-state solution x x 0 cos ωt into Eq. (5), its amplitude is
The acceleration of the inertial object (measured) is
The acceleration of the system (measurand) is
So,
Figure 2 further illustrates this relationship, which is achieved by a numerical simulation method as below. First, ω∕ω 0 is assigned as 0.001, and its corresponding a∕a 0 is found by Eq. (9). Second, ω∕ω 0 is increased by 0.001 each time, and its corresponding a∕a 0 is found. Finally, they are plotted together. The measured acceleration is the same as the measurand at static (0 Hz), but the measured will have an increasing systematic error as the frequency increases from 0 Hz to its resonant frequency. Industrially, the measurement ranges with 5%, 10%, and 3 dB errors are usually given as below ∼20%, ∼30%, and ∼50% of the resonant frequency [26] . Therefore, the resonant frequency of an accelerometer determines its measurement frequency range with a rather constant sensitivity. The higher its resonant frequency, the wider its measurement frequency range.
From Eq. (5), its static sensitivity in terms of the relative displacement between its inertial object and shell, being the change in its spring length from that at equilibrium, is
(a) (b) The higher its resonant frequency, the lower its sensitivity. So there is a trade-off between its measurement frequency range and sensitivity. Accelerometers with high sensitivities are important in seismic monitoring [3] and space projects [27] . The measurement frequency range can be widen a little by introducing proper damping [17, 28] . Figure 3 shows the principle of the proposed accelerometer. Assume that an inertial object was hung in the middle of a string with a length L, and the axial force at equilibrium F e changes little. Assume that the displacement due to gravity is y, while y 0 if there is no gravity in the measured direction.
In an undamped free-vibrated system as shown in Fig. 3(a) ,
Its resonant frequency is
In an undamped forced system as shown in Fig. 3 (b),
Substituting its steady-state solution x x 0 cos ωt into Eq. (13), its amplitude is still ω Its static sensitivity in terms of the relative displacement, being the change in the transverse deflection of its FBG from that at equilibrium, is still 1∕ω 2 0 . The transverse deflection and strain change of the FBG have a simple triangular relationship. Figure 4 shows this relationship by the ratio of the transverse deflection to the length (RTDL) between the FBG's fixed ends, which is y x∕L in Fig. 3(a) and y x − z∕L in Fig. 3(b) . It is achieved by the numerical simulation method used for Fig. 2 . The resonant wavelength shift is converted by using the experimental results (Δλ 1159.02Δε) [24] . In this way, its sensitivity in terms of its resonant wavelength shift can be found.
Over-range protection can be achieved by limiting RTDL to confine the FBG's strain change. An FBG may break when its strain change is much larger than 0.005, which corresponds to ∼5% in RTDL and 6 nm in its resonant wavelength shift. Figure 5 shows the design and experimental setup of the proposed FBG accelerometer. The transverse grooves are 21 mm in length, which confines a Φ15 mm cylinder with a Φ1 mm hole at its center to only move transversely to the FBG. Also, this accelerometer is nonsensitive to the other two orthogonal directions, because (1) the cylinder is confined by the grooves and shells and (2) the movements of the cylinder in the other two orthogonal directions are about 0.2 mm and will scarcely pull the FBG because the FBG is in the Φ1 mm hole of the cylinder. For the position accuracy between the base and cover, two rims were used. Two FBG accelerometers with the same size (L 50 mm), but different inertial masses (5.29 and 2.83 gram) were made and tested. Their Bragg gratings were manufactured on bending insensitive fibers (Silibend G.657.B, Silitec Fibers Ltd.) by using phase masks, ∼10 mm in length, ∼2 nm of 3 dB bandwidth, and ∼90% of reflectivity. The FBG of the 5.29 gram one (free-state wavelength: 1541.05 nm) were prestretched 0.03 nm in terms of its resonant wavelength shift, while that 5 g] was used as gauge. Sine waves were generated by an EZ digital FG-7002C sweep/function generator, amplified by a Crown CE2000 amplifier, and fed to a shaker (VG 100-4, Aurora, OH. 44202). The acceleration of the shaker was monitored by a piezo accelerometer and tuned to test the FBG accelerometers. The shaker was only able to provide 0.4 g acceleration starting from near 10 Hz, because the maximum acceleration that a shaker can provide decreases as its vibration frequency decreases. Figures 6(a) and 6(b) show their frequency responses by the estimated averages of the original records, and also show that the 5.29 gram one was lightly damped and the 2.83 gram one was overdamped. Figure 6 (c) shows some of their experimental records. Because the 5.29 gram one was constituted by gluing two small nuts on a similar 2.83 gram cylinder, their frictions, working as damping, were similar. However, at the same acceleration, the force from the 5.29 gram one was nearly twice that of the other, which resulted in these different damping results. Figure 7 shows their sensitivities at 10 Hz, 1.333 nm∕g for the 5.29 gram one and 0.634 nm∕g for the 2.83 gram one.
Experiments and Discussion
The 2.83 gram one was lubricated to reduce the friction and then tested again. Figure 8 shows its overall frequency responses. Its sensitivity at 10 Hz changed little, although the change in damping shows that the friction reduced. Figure 9 shows the comparisons between the accelerations observed by this one and the piezo one, and their positive directions are upward. Its accelerations were achieved by first converting its observed wavelengths to the transverse forces [24] and then deducting the transverse force at equilibrium from them to find the net forces applied, and finally dividing by the mass to find its accelerations.
Figures 6(a), 6(b), and 8 show that their experimental resonant frequencies were around 25 Hz, which Fig. 10 , which can tune the prestretch of the FBG (free state: 1540.47 nm) by moving the right-side metal strips with a slot thereon [22] . The length between the FBG's fixed ends was 100 mm. After applying a prestretch to the FBG, an object was hung at the center of the FBG. Then, the table was knocked once to incite the resonant vibration. Figure 11 shows the time domain records and their fast Fourier transform (FFT) when the FBG was prestretched 0.1 nm, a 0.18 gram weight was hung afterward, and two knocks were given. The overall records and two of its partials incited by the two knocks agree well with the resonant frequency. This method was used to analyze the resonant frequency of this setup, because the consistency of the resonant frequencies achieved under different knocks has been excellent throughout this experiment. Table 1 and Fig. 12 show the resonant frequency at the different prestretches and weights of the inertial objects. The percentage error and the ratio in Table 1 have a linear relationship, as shown in Fig. 13 . The resonant frequency agrees with the theoretical value well when the stretch by the weight is negligible. But its deviation from the theoretical value increases with the ratio, which should be because the assumption that the axial force changes little does not hold there.
Therefore, the theoretical frequencies of the 5.29 and 2.83 gram ones can be modified as 15.65 1 0.85 − 0.03∕0.85 0.7395 26.81 Hz and 17.97 1 0.6 − 0.1∕0.6 0.7395 29.04 Hz. The above knock incitation method was also applied to them, but their consistencies were not good, probably due to the frictions. Figure 14 shows the records of the 5.29 gram one under five knocks.
Similarly, their static sensitivities found in the classic method, 3.530 nm∕g for the 5.29 gram one and 2.090 nm∕g for the 2.83 gram one, disagree with the experiments. They are found as below. First, the RTDLs at equilibrium are found by the inverse function of the equation in Fig. 4 (y 0.02079x 0.50045 , achieved by the numerical simulation method), this acceleration at static. By increasing the assigned acceleration by 0.001 g each time, their static sensitivities are simulated and shown in Fig. 15 .
When the FBG has a dominant stretch by the weight of the inertial object, the theoretical static sensitivity can be calculated by converting the assigned acceleration to the transverse force rather than RTDL. After all, at static, the measured acceleration of any accelerometer must be the same as the measurand. First, the transverse force at equilibrium is found, 0.00529 9.8 N for the 5.29 gram one. Second, at 0.001 g, the force changes from 0.00529 9.8 0.001 N to 0.00529 9.8 − 0.001 N, and their corresponding wavelength shifts are found based on Fig. 16 , which is achieved by a similar numerical simulation method as above [24] . The differential of these two wavelength shifts corresponds with this acceleration. By increasing the assigned acceleration by 0.001 g each time, its static sensitivity is simulated and is shown in Fig. 17 . To show the influence of the prestretch on its sensitivity, the sensitivities are also simulated as if its prestretch were 0 and 0.4 nm. The fact shown in Fig. 17 that they overlap each other shows that a small prestretch scarcely influences the acceleration sensitivity, although it influences the force sensitivity heavily as shown in Fig. 16 . By this method, the theoretical static sensitivities are found as 1.188 nm∕g for the 5.29 gram one and 0.784 nm∕g for the 2.83 gram one.
To test the over-range protection, the central cylinder of the 5.29 gram one was pulled by hands to each side of its shell three times, and Fig. 18 shows its records. Then, it was tested at 25 Hz, 5 g by a calibrated IMI 608A11 accelerometer (sensitivity 0.1 V∕g, measurement range [−50 g, 50 g], and working at 1000 Hz), and Fig. 19 shows its records. The maximum wavelength shift was about 6.2 nm in both, which agrees with the theoretical value of 6.5 nm, because the transverse deflection is about 21 − 15∕2 − 1∕2 0.3∕2 2.65 mm (taking the diameter of the unstripped fiber as 0.3 mm) and RTDL is 2.65∕50 and corresponds with 6.5 nm based on Fig. 4 .
The cross axial sensitivities of the two FBG accelerometers were tested in the other two orthogonal directions at 0.1 g, 5 Hz, and 0.4 g from 10 to 35 Hz. Their resonant wavelength shifts were no more than 0.004 nm.
Conclusion
We demonstrate an FBG accelerometer with a high linear sensitivity, easy over-range protection, and low cross axial sensitivities by using transverse forces. The theoretical resonant frequency can be modified by the linear relationship between the percentage error of the resonant frequency and the ratio of the stretch by the weight of the inertial object to the total stretch, and the static sensitivity can be calculated by converting the assigned small, increasing acceleration to the transverse force rather than RTDL.
